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GENERAL INTRODUCTION
Groundwater is an essential natural resource. Half of
the United States population depends on groundwater as a
drinking water source. Concerns about its quality and
potential contamination have made groundwater protection a
national issue. Agricultural pesticides and fertilizers have
been detected in groundwater wells all over the United
States. In 1984, EPA found 12 different kinds of pesticides
in groundwater wells in 18 states; two years later 17
agricultural chemicals were found in 23 states (Concern, Inc.
1986). A better understanding of when and under what
conditions fertilizers and pesticides move through and below
the crop root zone to contaminate groundwater supplies is
needed to assess the impact of agricultural practices on
groundwater quality.
Movement of water and dissolved chemicals has so far
been described by transport equations based on average flow
paths- A typical error in such averaging procedures is that
the early arrival of water through preferential paths (such
as cracks, worm holes, root holes, etc., commonly known as
macropores) is not described. Recent studies have concluded
that preferential solute transport may be a potential cause
of groundwater contamination (Everts and Kanwar, 1990;
Parlange et al., 1988). Beven and Germann (1982) and Thomas
and phillips (1979) have also reviewed some of the
consequences of preferential flow in soil. To assess the
impact of macropores on the flow and the transport properties
of soils, size, number, type, distribution, and continuity of
macropores in the soil matrix must be characterized.
Two general approaches have been recognized to quantify
and characterize macropores (Warner et al,, 1989). The first
approach or direct approach uses methods to determine actual
number, size, and areal distribution of macropores at
different depths in a soil profile. A direct approach is
useful in developing mathematical models to predict flow of
water and chemicals through the soil profile. Direct methods
also include the use of thin sections of small soil cores
(Murphy et al., 1977a, b; Bullock and Murphy, 1980; Ringrose-
Voase and Bullock, 1984), analysis of photographs of
horizontal soil profile in situ, or after impregnating with
plaster of Paris (Edwards et al., 1988; Lauren et al., 1988;
Smettem and Collis-George, 1985; FitzPatrick et al., 1985;
Mackie, 1987), and nondestructive methods such as computed
tomography or CT scanning (Warner et al., 1989)-.
Another approach which is an indirect one, attempts to
determine the influence of macropores by measuring flow
characteristics under varying conditions such as breakthrough
curves (Anderson and Bouma, 1977a, b; Bouma and Wosten, 1979;
Nielsen and Biggar, 1961), saturated hydraulic conductivity
tests (Germann and Beven, 1981a, b; Bouma et al., 1977) and
the use of tension infiltrometers (Everts and Kanwar, 1989;
Watson and Luxmoore, 1986; Moore et al., 1986). Breakthrough
curves are particularly important as the physical and
structural differences among porous media are manifested by
changes in the shape and position of breakthrough curves,
thus providing a functional description of the porous media
and their interactions with solutes.
Therefore the purpose of this study was to quantify and
characterize macropores in terms of number, area, perimeter,
and distribution of macropores in root zone depth and to
investigate the links between preferential flow and
macropores. Listed below are the specific objectives of this
study.
1. To quantify and characterize macropores in the top
60 cm of the soil profile under two tillage intensities (no-
till and conventional tillage) using image analysis and
AUTOCAD techniques.
2. To determine solute breakthrough curves using
chloride as a tracer (for nitrate fertilizers) for large
undisturbed soil columns taken from the two tillage plots to
investigate the effect of macropores on preferential flow.
3. To determine solute breakthrough curves using
chloride and nitrate together to evaluate the use of chloride
in predicting the movement of nitrate through the same soil.
4- To study the flow behavior of a reactive or
potentially sorbed solute through undisturbed soil using a
water soluble dye (Rhodamine WT) .
LITERATURE REVIEW
Preferential flow paths in soil have been shown to be
important in the hydrologic process of infiltration, soil
water movement, and transport of chemicals and nutrients
through the soil profile (Edwards et al., 1979; Germann and
Beven, 1981a, b). Macropores are considered as primary
pathways of preferential flow. Lee (1985) cites several
examples of worm holes causing 2- to 10-fold increases in
infiltration rates. Ehlers (1975) measured a 6-fold increase
in infiltration rate due to worm holes in a no-till loam soil
as compared to nearby plowed soil. Horton (1942) coined the
term "concealed surface runoff" for such types of rapid flows
through macropores. Previous studies (Beven and Germann,
1982) have shown that large voids have a very important
influence in the saturated hydraulic conductivity of soils
even though they may contribute only a very small amount to
the total porosity of the soil.
Macropores and their Formation
A number of definitions of a macropore have been
proposed (Beven and Germann, 1982) based on size, function,
or type. Beven and Germann (1982) define macropores as the
structures that permit the non-equilibrium channeling flow,
irrespective of their size. This definition makes a point
that all large voids can not be considered as macropores.
But in general, pores one magnitude larger than intra-
aggregate pores can be considered as macropores (Warner et
al., 1989). The size range of macropores is also
controversial and depends upon the method used for their
quantification. Various researchers, therefore, have set
different size limits for macropores. Examples are given in
Table 1.
The choice of a minimum equivalent threshold diameter is
clearly arbitrary and depends upon experimental technique.
For example, in the plaster of Paris technique (FitzPatrick
et al., 1985) only macropores > 2000 jum can be detected
because the plaster of Paris water slurry can not impregnate
smaller pores. In our study, however, we will be using the
term macropore for a pore significantly larger than the
intergranular pore. Because only visible macropores can be
traced on an acetate sheet, a minimum diameter of 1500 )dm is
safe to define as a minimum threshold diameter for a
macropore.
Macropores are formed in various ways: by shrinkage of
natural planes of weakness on drying (Brewer, 1964), freeze-
thaw cycles, mole draining and subsoiling (Beven and Germann,
Table 1. Examples of minimum cutoff diameter for
macropores
Reference Minimum cutoff diameter
( Mm)
Beven and Germann (1981)
Bullock and Thomasson (1979)
Edwards et al. (1988)
FitzPatrick et al. (1985)
Luxmoore (1981)
Tippkotter (1983)
3000
60
400
2000
1000
100
1982), plant roots (Aubertin, 1971); and soil fauna (Green
and Askew, 1965; Ehlers, 1975). Beven and Germann (1982)
concluded that most soils contain some macropores, the nature
and volume of which depend on a dynamic balance between
constructive and destructive processes. Thus, soil tillage
(except subsoiling) generally destroys macropores (Thomas and
Phillips, 1979). Ehlers (1975) observed that the number of
earthworm burrows is less in cultivated than in uncultivated
soils, although he found that burrow numbers were comparable
at 60 cm depth. The shape of the macropore varies from
planar slits (cracks or fissures) through voids of irregular
cross section (vughs) to cylindrical pipes (Brewer 1964).
Macropores of different shape, in fact, have different
functional properties. Bouma et al. (1977) also used the
same groups because they were significantly different in
terms of conducting water. Ringrose-Voase and Bullock (1984)
have described macropores under different shape classes and
devised a technique for automatic recognition and measurement
of soil pore type by image analysis and computer programs.
Measuring Macropores and Preferential Flow
Many techniques have been developed so far to quantify
macropores in a given soil block. Using thin sections of
soil, the shape and area of voids in the predetermined size
classes can be recorded. The use of an image analyzer makes
quick analysis of thin sections for characterizing macropores
(Murphy et al., 1977a, b; Bullock and Murphy, 1980).
Tippkotter (1983) and Wilkins et al. (1977) have also used a
thin section method to study macropores and their
characterization. Bullock and Thomasson (1979) used this
method for the measurement and characterization of macropores
and compared the data with those obtained by water retention
measurement. Larger values of macroporosity by thin section
method were attributed to the fact that in the water
retention method a large pore with a neck would appear the
same as a cluster of smaller pores. Bullock and Thomasson
(1979) also discuss the advantages and disadvantages of the
two methods.
A three-dimensional picture of the pore space can be
laboriously constructed from serial sections. Tippkotter
(1983) observed three-dimensional arrangement of pores by
preparing a photographic sequence of successive polished
sections obtained from the sample blocks and then stacking
the photographs to simulate pore geometry. A three-
dimensional network developed this way compared well with the
resin casts of tubular pores. Yanuka et al. (1984) showed
that the method of serial sectioning and automated
digitization of porous media provides a powerful tool for
further three-dimensional geometrical and topographical
investigation of pore space to be used in models of fluid
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transport phenomena. Recently, Mackie (1987) displayed
three-dimensional images of pore networks by digitizing
series of tracings of plaster of Paris filled pores. This
inexpensive technique of quantifying pore continuity is
useful to get information about the orientation of
interconnected soil pores. But ways of extrapolating
mathematically from two to three dimensions are still in the
process of being explored (Ringrose-Voase and Bullock, 1984).
Bouma and Wosten (1984) and FitzPatrick et al. (1985)
introduced a relatively simple method of quantifying and
characterizing macropore networks, in which a soil block (in-
situ) is impregnated with thin gypsum slurry. After
hardening of gypsum, observations can be made of the patterns
of occurrence of the gypsum. Gypsum filled pores can be
photographed or traced on transparent sheets for further
analysis. Use of plaster of Paris in studying macropores
dates back to Green and Askew (1965) , who used plaster of
Paris to study macropores in the soils of Romney Marsh.
FitzPatrick et al. (1985) used plaster of Paris (dental
grade) to study pore continuity in the soil and also to
preserve seedbeds for undisturbed sampling. They pointed out
that this is a useful qualitative technique limited to the
larger pores, as plaster of Paris would only penetrate
interconnected pores (i.e., > 2 mm diameter). This method is
simpler and faster as compared to resin impregnation
11
technique which in turn is a laborious and time consuming
technique. The plaster of Paris method does not require the
removal of moisture from the soil blocks as in the case of
the resin method. Mackie (1987) impregnated soil block with
plaster of Paris in his porous network studies. Bouma and
Wosten (1984) also used plaster of Paris to study crack
distribution in relation to infiltration rates in a dry,
cracked soil.
As far as photography is concerned, not much information
was available such as type of film used, exposure given to
the film, method of enhancing the contrast (between plaster
of Paris filled macropores and dark soil) if any were used,
etc., in the papers cited above. These aspects are, however,
very important to get accurate and consistent results.
Macroporosity has also been defined in term of pore
volume that drains at a particular tension. For example,
pores draining at a tension of 0.05 bar, correspond to an
equivalent diameter of 60 jam (Hall et al., 1977).
Alternatively, macropore volume has been identified from a
sharp change in hydraulic conductivity in the low suction
range as soil drains from the saturated state (Germann and
Beven, 1981a, b). For large undisturbed blocks of soil
derived from Oxford clay (Evesham series), the latter authors
reported macroporosities of 0.010 to 0.045 cm^/cm'. Bouma et
al. (1979) showed that small variations in the width of
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planar "necks" had a strong effect on the magnitude of
saturated hydraulic conductivity (Ksat). A statistical
planar and tubular void-interaction model was used to
estimate sizes of "necks" in the flow system, which were
assumed to determine Ksat. Measured Ksat values were found
to be within the calculated Ksat range, when relatively large
vertically continuous tubular voids were not present.
Recently, Lauren et al. (1988) explored the aspect of spatial
structure present between Ksat and macrovoid data.
Geostatistical analysis of macropore data (obtained by image
analyzing the crack patterns on acetate sheet) involved
calculating and plotting both semivariances (for void areas)
and cross semivariances for void areas and field measurements
of Ksat. Cross-semivariograms of Ksat and macropore areas
indicated negative cross-semivariances with good spatial
correlation.
In many cases, dyes such as Rhodamine blue or Lisamine
yellow have been mixed with the water to indicate the water's
pathways and depth to which it has penetrated (Anderson and
Bouma, 1973; Omoti and Wild, 1979; Smettem and Trudgill,
1983). In other dye studies, the area of pore walls wet by
infiltrating water has been measured (Bouma and Dekker,
1978), from which, if pore widths are known, the volume of
functional macropores can be calculated. Bouma and Wosten
(1979) calculated, by macroscopic examination of two swelling
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clay soils, that the macropore volume was 0.014 and 0.024
cm'/cm' only about 1/3 of the macropores were stained by
methylene blue.
The method of determining breakthrough curves has proved
to be particularly useful to characterize flow patterns in
soil. Bouma and Wosten (1979) determined effective pore size
distribution from chloride breakthrough curves by Klinkenburg
(1957) procedure. Measurements, reported in this paper,
showed that only a few larger pores which occupy a small
volume, determine the shape of breakthrough curve and Ksat.
Anderson and Bouma (1977a, b) found hydrodynamic dispersion
to be highly pronounced while running breakthrough curve
studies on undisturbed soil columns, indicating water
movement through relatively larger pores. The degree of
hydrodynamic dispersion can be expressed by a breakthrough
curve using chloride as a tracer. Walker and Trudgill (1983)
studied the relationship between two-dimensional image
analysis of soil thin sections and tracer breakthrough curves
for a silty clay loam soil under saturated conditions. Two
parameters used to describe breakthrough curves were skewness
and holdback (the magnitude of the deviation from piston
flow). Discrepancies between image analysis and breakthrough
curve characterization were attributed to the macropores not
necessarily sampled on two-dimensional images.
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Nielsen and Biggar (1961) pointed out that physical
differences among porous materials were manifested by changes
in shape and position of breakthrough curves. They also
stated that studies of miscible displacement provide not only
a means of determining microscopic flow velocities in soils,
but also give a physical explanation of phenomena occurring
in leaching of soils, ion-exchange, movement of fertilizers,
and similar processes.
In another paper of this series, Biggar and Nielsen
(1962) showed the effect of larger pores (pore size
distribution) on the shape of breakthrough curve. They
observed that as the aggregate size (thus pore size)
increases, the mixing in the column becomes less complete and
the effluent concentration is dominated by flow through
larger pores. They also concluded that more complete
description of the nature of the porous material and its
interaction with tracers may be ascertained by miscible
displacement experiments.
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SECTION I. MEASUREMENT AND CHARACTERIZATION OF MACROPORES
USING AUTOCAD AND IMAGE ANALYSIS
16
INTRODUCTION
It has been well documented in the literature that
macropores can cause rapid hydrologic transport of solutes in
both saturated and unsaturated soils (Beven and Germann,
1982; Thomas and phillips, 1979; White, 1985). The rapid
flow through macropores dominates flow through the soil
matrix, hence the term preferential flow comes into being.
Preferential transport of chemicals may contribute greatly to
groundwater contamination as some of the nutrients and
chemicals applied on the soil surface move through the
macropores (paths of preferential transport) instead of
moving through the soil matrix where they could be adsorbed,
chemically degraded, or biologically transformed.
Beven and Germann (1982) defined macropores as the
structures that permit noneguilibrium channeling flow,
irrespective of their size. Generally speaking, macropores
denote the pores that are significantly larger than
intergranular pores. For the purpose of this study, pores
larger than 1600 pm equivalent diameter were treated as
macropores.
In general, two approaches have been recognized to
quantify macropores (Warner et al., 1989). The first
approach attempts to determine the influence of macropores by
measuring flow characteristics, under varying conditions such
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as breakthrough curves (Anderson and Bouma, 1977a, b; Bouma
and Wosten, 1979; Nielsen and Biggar, 1961), saturated
hydraulic conductivity tests (Germann and Beven, 1981a, b;
Bouma et al., 1977), and the use of tension infiltrometers
(Everts and Kanwar, 1989, 1990; Watson and Luxmoore, 1986;
Moore et al., 1986). The other approach which is a direct
approach, uses methods to determine the actual number, size,
areal distribution, and continuity of macropores for various
field conditions. A direct approach is useful in developing
mathematical models to predict flow of water and chemicals
through the soil profile. Direct methods use thin sections
of soil cores (Murphy et al., 1977a, b; Bullock and Murphy,
1980; Ringrose-Voase and Bullock, 1984), photographs of soil
profiles in the field (Edwards et al., 1988; Lauren et al.,
1988; Smettem and Collis-George, 1985; FitzPatrick et al.,
1985; Mackie, 1987) and nondestructive methods such as
computed tomography or CT scanning (Warner et al,, 1989).
This paper presents the results of a study carried out
in a loamy soil to characterize macropores quantitatively
within the top 60 cm of the soil profile under no-till and
conventional tillage systems. This study focused on the
direct approach of macropore quantification. Direct
measurement of macropores included taking pictures of plaster
of Paris filled cracks and holes at different depths of the
soil profile and subsequent analysis of the photographs by
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using image analyzing techniques. Outlines of macropores
were also drawn on transparent acetate sheets which were
digitized and analyzed on AUTOCAD. Analysis of the
macropores included measurement of total area, perimeter,
number, and size frequency distribution of macropores. This
technique will be called the AUTOCAD method in this paper.
The results obtained from these two methods (image analysis
and AUTOCAD) were compared. Tillage-induced effects on
macroporosity were also investigated in this study-
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MATERIALS AND METHODS
Experiinents for the direct measurement of macropores in
the field were conducted during the summer seasons of 1988
and 1989 (June, July, and August) at the Agronomy and
Agricultural Engineering Research Center located in Boone
County, Iowa. The predominant soil at the experimental site
was a Nicollet loam soil (in the clarion-Nicollet-Webster
soil association) derived from glacial till with a slope less
than 2.6%. The study area had been used for continuous corn
under no—till and conventional tillage systems for the past 5
years (Kanwar et al., 1988). Selected physical properties of
the soil at the experimental site, listed in Table 1, were
taken from Kanwar et al. (1988).
Three areas of 50 x 50 cm with visible cracks were
selected in each plot (one with no—till and second with
conventional tillage practice) for this study. Each 50 x 50
cm area was then cleaned with a brush to remove crop residues
from the surface. A square metal frame (50 x 50 x 15 cm) was
placed carefully over the area so that all visible cracks
were inside the frame. Then the frame was pushed into the
soil leaving about 5 cm of the frame above the soil surface.
This served to define the sample area and to economize the
amount of plaster of Paris which was later poured on the soil
surface. A mixture of plaster of Paris and water was
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prepared (1:6 by volume) in small buckets and poured slowly
enough to prevent ponding on the surface. Plaster of Paris
was poured into the visible cracks until the cracks were
filled with plaster of Paris to the soil surface. The
surface was then flooded with the mixture. The amount of
plaster of Paris mixture required to fill the pores was
different at various sites within the same tillage system.
It varied from 8000 cm^ to 80,000 cm^. FitzPatrick et al.
(1985) have observed even a greater degree of variability
where the amount varied from 10,000 cm^ to 288,000 cm^.
After hardening of the plaster of Paris (in about four
hours) soil was excavated to a total depth of 60 cm in 5 cm
layers at a time with the help of spatulas and sharp knives.
While excavating, a 60 cm wide trench was dug first all
around the 50 x 50 cm soil column and a metal frame (50 x 50
X 5 cm) was clamped around the column to keep it from
falling. On some sites, after pouring of plaster of Paris,
the sites were left for about a week without excavating,
covered with a plastic sheet. No quantifiable difference was
observed between the sites excavated after one week and those
excavated four hours after pouring the plaster of Paris
mixture.
A transparent acetate sheet (50 x 50 cm) was spread on
the surface of each plane (5 cm depth intervals) and outlines
of the plaster filled macropores as well as unfilled
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macropores (worm holes, root holes, etc.) were drawn with a
permanent colored marker. These tracings were brought to the
computer lab and were analyzed on AUTOCAD using a digitizing
tablet for number, perimeter, and areal extent of macropores.
In addition to tracing the macropores on transparent
sheets, a 35-mm camera was fixed on a tripod directly above
the horizontal soil surface of the experimental block and
pictures of each plane were taken (at 5 cm intervals), A
black and white *Panatomic-X' (ASA32) film was used to take
the pictures. Different apertures and shutter speeds were
tried at each depth so that the pictures having the best
contrast could be selected for image analysis. Usually the
pictures that were underexposed slightly (one F stop less
exposure than suggested by the exposure meter of the camera)
were found to be better in contrast. These pictures were
then analyzed on Lemont Scientific OASYS (Optical Analysis
SYStem, model DV-440) image analyzer for number, area,
perimeter, and size distribution of macropores. This system
is a software based system designed for analyzing optical
images generated by a television camera with a resolution of
512 X 480 pixels and with external controls for adjusting the
brightness and threshold grey level. The system interfaces
via a Digital Equipment Corporation DEC LSI 11/73
microprocessor to an RS-17 0 format TV generated image with an
AP-512 Frame Grabber/Frame Buffer from Image Technology
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Incorporated. The system can partition the 256 grey levels
of an image derived from a photograph, light microscope, or
electron microscope into sixteen different pseudo color
bands. The system enables the operator to apply various
digital image enhancement and interactive user techniques in
order to obtain an accurate image.
The pores larger than 1600 ^m equivalent diameter
(visible) were considered as macropores. The pores larger
than minimum cutoff diameter (i.e., 1600 jam) were in the
visibility range of the human eye, and they could be clearly
distinguished by the image analyzer on the photograph of a
horizontal soil plane. The pores having diameter less than
the minimum cutoff diameter could not be detected on the
image analyzer due to the pixel size limit of 1600
Plaster filled cracks as well as unfilled pores were analyzed
using two ranges of gray levels: 1-50 for dark colored holes
and 160-255 for white colored cracks.
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RESULTS AND DISCUSSION
The plaster of Paris technique was used to quantify
macropores in situ for no-till and conventional tillage
plots. The main limitation of this method is that the
plaster of Paris does not infiltrate into pores which are
less than 2 mm (FitzPatrick et al,, 1985) and pores that are
not connected to the soil surface. These unfilled holes can
easily be traced on transparent sheets, but on a photograph
these appear as black spots and it is difficult to analyze
these dark colored holes as well as plaster filled white
cracks at the same time. In previous studies none of the
researchers seemed to have addressed this problem. In our
study, however, this problem was overcome by setting two
different ranges of grey levels for white colored cracks and
dark colored holes. This involved a time consuming effort of
manual editing of the images on the image analyzer, to get
accurate results. After several trials grey level ranges
were set at 1-50 for dark colored holes and 160-255 for white
colored cracks. The total area, the perimeter, the number,
and the size frequency distribution of macropores were
determined for each depth (from the surface to a total depth
of 60 cm in 5 cm increments).
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Figure 1 and Tables 2 through 5 show the percent area
(average of three replications for each tillage) occupied by
macropores in the soil matrix as a function of depth. It is
clear from Figure 1 that the total percent area occupied by
macropores decreases as the soil depth increases, under both
tillage systems. The total area analyzed at each plane was
2500 cm^. The decrease in macropore area calculated by
AUTOCAD method was more pronounced under the conventional
tillage system, where the average area occupied by macropores
decreased from 3,47% at 5 cm depth to 0.43% at 60 cm depth.
A similar trend was observed in the no-till plot where the
average area occupied by macropores decreased from 3.17% to
0.61% for the similar depth range. Similar trends of
decreasing area with increasing depth were observed with the
image analyzing technique (Tables 2 and 3). Figure 1
indicates that the percent area of macropores estimated using
the image analyzing technique was considerably higher in
comparison to the AUTOCAD method. Statistical analysis using
a three way factorial analysis of variance (three sources of
variation, i.e., tillage system, method of measurement, and
depth) showed that this difference was significant at 99%
confidence interval (the same confidence interval was used
for other comparisons made later in this study). There could
be many reasons causing this difference. The first and
foremost reason was the loss of information at two different
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stages. In the first stage the image of a soil plane
containing macropores was transferred onto a photographic
film and minute details could be lost when pictures are
taken. For example, a narrow crack with a wavy outline could
appear slightly thicker due to the lack of sharpness in the
picture. Sometimes an unfilled portion within a crack (which
is easy to trace on transparent sheet) could not be detected
in the acquired image of the photograph due to similar
problems. A manual focus adds to the lack of sharpness in
the pictures. Some information could lost in the second
stage when the image is transferred from a photograph to the
TV camera connected to image analyzer. At this stage, the
information loss was based on the quality of the acquired
image, which in turn depended on many factors such as the
intensity and angle of incident light and adjustment of grey
level of the pixels (especially when two different ranges of
grey levels were used at the same time to pick up unfilled
holes along with plaster filled cracks). A compromise has to
be made by the operator while deciding the threshold grey
level as one category of features (for example white
appearing cracks) could be included more accurately only at
the expense of losing another feature (for example dark
appearing holes). Oren (1987) found that additional source
of illumination inconsistency was caused by TV camera lens
itself. Although live black and white display of images
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showed no apparent discrepancies to the naked eye, a
pseudocolor analysis showed that the center portion of the
image had a higher brightness intensity at all lens
apertures. There was a variation of approximately 75 grey
levels from the center of the field to the image edge. This
could have possibly caused overestimation of the area of the
cracks in the central portion of the image. Higher
variability within the replications in the image analyzing
technique in comparison to the AUTOCAD method indicates
similar problems.
VJhen macropores were traced on the transparent sheets,
the information losses were certainly lower. External
factors did not control the quality of the image and,
therefore, the accuracy. To trace macropores on a
transparent sheet even impregnation with plaster of Paris is
not required as the human eye can easily differentiate
between a visible macropore and the soil matrix. The only
limitation of this method is that it is a time consuming
method. Tracing of macropores on transparent sheets plus
digitizing them using AUTOCAD takes substantially longer time
in comparison to image analysis. The minimum threshold
diameter of a macropore is decided by the lower limit of
visibility of a human eye in the case of tracing macropores
on transparent sheets whereas in the case of image analysis
the size of a pixel becomes the deciding factor. In our
27
study, however, both methods chose the threshold diameter of
macropores quite close to each other (1500 jam for AUTOCAD and
1600 |im for the image analysis) .
Figure 1 also shows that on the average the no-till
sites had less macropore area in comparison to the
conventional tillage sites. Again this difference was
significant at the 99% confidence interval. This fact was
observed in the very beginning while pouring plaster of Paris
on the selected sites. The sites in the conventional tillage
plot consumed about 10 times more plaster of Paris mixture
than no-till sites. The reason for this higher consumption
of plaster of Paris was that the sites in the conventional
tillage plot had larger cracks in comparison to no-till
sites. These cracks were not only larger but also deeper
than those in no-till area. Visual observation of the
photographs (Figures 6 and 7) makes this fact clear. The
reason for finding larger and deeper cracks in conventional
tillage may be due to the temporal effect on macropore
formation. Only two no-till sites were studied in the summer
of 1988. Three conventional tillage sites and one no-till
site were studied during the summer 1989. Relatively higher
values of macropore area at the sites studied in 1989 in
comparison to the macropore area at the sites (site # 1 and
2, no-till) studied in 1988, (Tables 2 to 5) indicate that
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cracks could have developed further as 1989 was another dry
year after the severe draught of 1988.
Figure 2 and Tables 6 through 9 show the change in total
average perimeter of macropores with depth under two tillage
intensities and using two methods of measurement, i.e., image
analysis and AUTOCAD. Both methods showed that the total
average perimeter first increases to a depth of 30 cm and
then starts decreasing with the increase in depth. The
statistical analysis (similar to that done in case of percent
area) revealed a significant effect of depth under both the
tillage systems. The maximum value of average total
perimeter occurs at 30 cm depth under both the tillage
systems. Continuity of cracks and an increasing number of
worm holes and root holes with increasing depth caused
increasing macropore perimeter to a depth of 30 cm. After a
depth of 30 cm the size of cracks started decreasing
significantly, thus causing the perimeter to decrease with
the increase in depth (Figures 6 and 7). The same trend was
not observed for the macropore area due to the fact that
small holes add relatively more to the perimeter than to the
area. Thus, in case of macropore area the trend was more or
less governed by large cracks.
Under both methods of measurement the effect of tillage
treatment on the total perimeter of macropores was
statistically significant. Relatively larger number of worm
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holes or root holes in the no-till plot accounted for
significantly higher values of macropore perimeter in
comparison the conventional tillage plot. Although the
macropore-perimeter values estimated by image analysis were
not significantly different from those estimated by AUTOCAD,
in general image analysis predicted lower values of
macropore-perimeter due to the reasons discussed in the
previous paragraphs. Relatively higher values of macropore-
perimeter predicted by image analysis in case of no-till site
1 and 2 (Table 7) were mainly due to temporal effects.
Figure 3 and Tables 10 through 13 show the total number
of macropores as a function of depth. In general, the total
number of macropores increases with increasing depth in both
the tillage systems. The effect of depth was not
statistically significant under no-till system (significant
under conventional tillage system) due to high variability
among the replications. The total number of macropores was
significantly higher for the no-till system in comparison to
that for conventional tillage system because of more root
holes, worm holes, ant holes etc., in the no-till area,
especially below 30 cm depth (Figure 6). Tillage probably
destroyed root holes, ant holes, and worm holes, but the
cracks were wider and deeper under conventional tillage
system showing the effect of shrinkage at natural planes of
weakness due to excessive dry conditions for last two years.
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Although image analysis estimated relatively larger number of
macropores than estimated by AUTOCAD, the difference was not
statistically significant.
Size frequency distribution for the macropores was
determined at each depth under both tillage systems by using
the two methods of measurement. Figures 4 and 5 show the
representative size frequency distributions at 15 cm depth
(representing the upper 30 cm soil profile) and at 45 cm
depth (representing the lower 30 soil profile) under both the
tillage systems. Size frequency distributions again indicate
a larger number of macropores in the lower size range
(especially in lower 30 cm soil profile) in the no-till area
in comparison to conventional tillage area, indicating an
abundance of root holes, worm holes etc., in the former.
Discrepancies between image analysis and AUTOCAD were again
due to the reasons explained in previous paragraphs.
Conclusions
This study resulted in the following conclusions:
1. Tracing macropores on a transparent sheet and
digitizing them on AUTOCAD proved to be a simple and better
(though time consuming) method to quantify macropores than
image analysis because less number of external factors were
involved (thus improving accuracy) in the former. Even the
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impregnation of soil block with plaster of Paris is not
necessary in case of the AUTOCAD method.
2. The plaster of Paris method, though used
successfully, has a limitation that small pores and the pores
not connected to the surface can not be impregnated with
plaster of Paris slurry. Those unfilled holes can not be
detected by setting a single grey level range while image
analyzing the photographs of horizontal soil planes. This
problem was solved by setting two different grey level ranges
at the same time - one for dark colored holes and the other
for white colored plaster filled cracks.
3. The total percent area occupied by macropores was
larger for the conventional tillage system in comparison to
the no-till system because wider and deeper cracks were
observed under conventional tillage system. The area of
macropores decreased with the increase in depth under both
the tillage systems.
4. The total average perimeter of macropores was higher
for no-till sites because of the larger number of macropores
in the smaller size ranges. A larger number of smaller holes
(especially below 30 cm depth) contributed less to the area
and more to the perimeter. Under both the tillage systems
the total macropore-perimeter first increased to a depth of
30 cm and then started decreasing with the increase in depth.
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5. The total number of macropores generally increased
with depth under both the tillage systems indicating an
increasing number of small worm holes, ant holes, and root
holes with depth. But the effect of depth on the total
number of macropores was not significant in no-till area, due
to high variability within replications. In conventional
tillage area the total number of macropores was significantly
lower in comparison to no-till area.
6. Size frequency distribution of macropores also
indicated a larger number of macropores in lower size ranges
for no-till area (especially below 30 cm depth) in comparison
to the conventional tillage area, indicating an abundance of
root holes, worm holes, ant holes, etc., in no-till area.
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Table 1, Physical properties of the Nicollet soil at the
experimental site (Kanwar et al., 1988)
Depth Particle: size distr. O.M. Porosity Bulk density
(cm) sand silt clay (%) (%) (g/cm^)
(%) (%) (%)
0-15 42.0 35.2 22.8 4.3 44,0 1.49®
15-30 35.7 38.2 26.1 4.0 49.0 1.36
30-45 34.1 38.4 27.5 3.2 51.0 1.30
45-90 38.0 36.0 26.0 2.6 49.0 1.37
®Bulk densities of the conventional tillage plots were
close to that of no-till plots.
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Table 2. Percent area occupied by macropores (total area
analyzed = 2500 citi^) for the conventional tillage
sites as estimated by image analyzing technique
Depth
(cm)
Site 1 Site 2 Site 3 Avg. Std. Dev.
5 5.16 6.25 4.12 5.18 0.87
10 5.08 5.00 5.50 5.19 0.22
15 5,24 3.50 3.40 4.05 0.84
20 4.44 3.57 3.90 3.97 0.36
25 • 2.93 2.90 4.13 3.32 0.57
30 4.55 4.49 2.18 3.74 1.10
35 3.22 2.90 2.30 2.81 0.38
40 3.00 2.90 2.08 2.66 0.41
45 1.46 2.70 1.51 1.89 0.57
50 0.90 0.51 1.37 0.93 0.35
55 0.42 0.29 0.79 0.50 0.21
60 0.18 0.60 0.51 0.43 0.18
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Table 3. Percent area occupied by macropores (total area
analyzed = 2500 cm^) for the no-till sites
as estimated by image analyzing technique
Depth Site 1 Site 2 Site 3 Avg. Std, Dev.
(cm)
5 2.87 2.45 5.24 3.52 1.23
10 1.77 2.25 4.12 2.71 1,01
15 2,67 1.88 3.65 2.73 0,72
20 1.90 2.15 6,24 3,43 1,99
25 1.78 2.89 3.75 2.81 0.81
30 1.45 2.25 3.20 2.30 0.72
35 - 1.28 4.29 2.79 1.51
40 0.98 0.32 2.20 1.17 0.78
45 0.48 0.31 2.40 1.06 0.95
50 0.45 0.22 1.37 0.68 0.50
55 0.34 0.25 1.29 0. 63 0,47
60 0.29 0.51 1.32 0.71 0.44
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Table 4. Percent area occupied by macropores (total area
analyzed = 2500 cm^) for the conventional tillage
sites as estimated by the AtJTOCAD method
Depth Site 1 Site 2 Site 3 Avg. Std. Dev.
(cm)
5 3,21 3.10 4.09 3.47 0.44
10 3.13 3.64 4.01 3.59 0.36
15 3.14 2.89 1.93 2.65 0.52
20 2.45 3.17 1.55 2.39 0.66
25 1.93 2.55 1.70 2,06 0.36
30 2.05 2.40 2.14 2.20 0.15
35 1-52 2.27 1.64 1.81 0.33
40 2.93 1.70 1.21 1.95 0.72
45 1.45 1.52 1.46 1.48 0.03
50 0.45 0.62 0.45 0.51 0.08
55 0.25 0.59 0.06 0.30 0.22
60 0.16 0.24 0.89 0.43 0.33
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Table 5. Percent area occupied by inacropores (total area
analyzed == 2500 cm^) for the no-•till sites as
estimated by the AUTOCAD method
Depth Site 1 Site 2 Site 3 Avg. Std. Dev.
(cm)
5 2.64 2.06 4.82 3.17 1.19
10 1.67 2.00 3.35 2.34 0.73
15 1.61 1.93 3.02 2.19 0.60
20 1.50 1.55 4.17 2.41 1.25
25 1.35 1.54 2.80 1.90 0.64
30 1.18 1.31 2.93 1.81 0.80
35 - 0.76 2.30 1.53 0.77
40 0.46 0.49 1.59 0.85 0.53
45 0.38 0,31 2.12 0.94 0.84
50 0.13 0.30 1.14 0.52 0.44
55 0.23 0.40 1.13 0.59 0.39
60 0.19 0.42 1.19 0.60 0.43
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Table 6. The total perimeter (cm) of macropores (total area
analyzed = 2500 cm^) for the conventional tillage
sites as estimated by image analyzing technique
Depth Site 1 Site 2 Site 3I Avg. Std. Dev.
(cm)
5 234 229 178 214 25.3
10 228 221 198 215 12.8
15 196 179 137 171 24.6
20 239 199 279 239 32,7
25 202 226 268 232 27.3
30 370 264 171 268 81. 3
35 258 213 199 223 25.2
40 251 204 179 212 29. 6
45 167 216 165 183 23.6
50 118 74 165 119 37.2
55 72 121 81 91 21.1
60 34 88 68 63 22.4
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Table 7. The total perimeter (cm) of macropores (total area
analyzed = 2500 cm^) for the no-till sites as
estimated by image analyzing technique
Depth Site 1 Site 2 Site 3 Avg. Std, Dev.
(cm)
5 543 442 203 396 142.6
10 356 351 173 293 85.2
15 464 476 208 383 123.6
20 305 288 556 383 122.5
25 372 362 402 379 17.0
30 389 351 319 353 28.6
35 - 278 405 342 63.5
40 290 165 303 253 62 .1
45 132 161 381 225 111.1
50 165 143 235 181 39.3
55 123 164 220 169 40.0
60 121 231 183 179 45.0
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Table 8. The total perimeter (cm) of macropores (total area
analyzed = 2500 cm^) for the conventional tillage
sites as estimated by the AUTOCAD method
Depth Site 1 Site 2 Site 3 Avg. Std. Dev.
(cm)
5 328 280 208 272 49.3
10 286 305 290 294 8.0
15 315 258 204 259 45.5
20 288 336 248 291 35.9
25 302 407 234 314 71.0
30 360 358 285 334 35.1
35 328 329 231 296 46.1
40 384 317 186 296 82.4
45 294 291 237 274 26.3
50 117 134 113 121 8.9
55 98 181 76 119 45.2
60 • 58 65 163 96 47.9
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Table 9. The total perimeter (cm) of macropores (total area
analyzed = 2500 cm^) for the no-till sites as
estimated by the AUTOCAD method
Depth Site 1 Site 2 Site 3 Avg. Std. Dev
(cm)
5 407 399 261 356
67.1
10 345 402 244 330
65.5
15 375 406 278 353 54.7
20 444 344 377 389 41.7
25 388 334 363 361 21.7
30 413 347 465 408 48.3
35 - 247 412 330 82.5
40 156 201 349 235 82.7
45 156 140 446 247 140.8
50 68 148 291 169 92.4
55 115 181 351 216 99.2
60 68 213 290 190 91.9
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Table 10. The total number of macropores (total area
analyzed = 2500 cm^) for the conventional tillage
sites as estimated by image analyzing technique
Depth
(cm)
Site 1 Site 2 Site 3 Avg. Std. Dev.
5 7 6 23 12 7.8
10 10 13 24 16 6.0
15 3 3 4 3 0.5
20 5 17 71 31 28.7
25 13 40 60 38 19.3
30 95 39 24 53 30.6
35 66 30 32 43 16.5
40 63 51 22 45 17.2
45 47 61 21 43 16.6
50 56 42 29 42 11.0
55 48 46 17 37 14.2
60 23 47 23 31 11.3
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Table 11. The total number of macropores (total area
analyzed = 2500 cm^) for the no-till sites as
estimated by image analyzing technique
Depth Site 1 Site 2 Site 3 Avg. Std. Dev,
(cm)
5 148 41 34 74 52.2
10 217 20 42 93 88.1
15 229 42 102 124 78.0
20 101 79 173 118 40.1
25 239 66 116 140 72.7
30 248 111 70 143 76.1
35 - 136 97 117 19.5
40 243 148 81 157 66.5
45 145 140 153 146 5.4
50 115 127 110 117 7.1
55 162 159 113 145 22.4
60 • 137 234 84 152 62.1
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Table 12. The total number of macropores (total area
analyzed = 2500 cm^) for the conventional tillage
sites as estimated by the AUTOCAD method
Depth
(cm)
Site 1 Site 2 Site 3 Avg. Std. Dev.
5 17 38 6 20 13.3
10 8 22 11 14 6.0
15 6 10 18 11 5.0
20 6 30 16 17 9.8
25 17 40 14 24 11.6
30 49 43 17 36 13.9
35 61 IB 18 32 20.3
40 90 44 23 52 28.0
45 51 50 22 41 13.4
50 49 36 28 38 8.7
55 58 67 11 45 24.6
60 36 45 32 38 5.4
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Table 13. The total number of macropores (total area
analyzed == 2500 cm^) for the no-till sites as
estimated by the AUTOCAD method
Depth Site 1 Site 2 Site 3 Avg. Std. Dev.
(cm)
5 40 8 8 19 15,1
10 23 49 3 25 18.8
15 61 49 14 41 19.9
20 117 54 19 63 40.6
25 147 49 28 75 51.9
30 146 102 100 116 21.2
35 - 161 93 127 34.0
40 74 178 62 105 52.1
45 85 129 102 105 18.1
50 72 161 113 115 36.4
55 120 246 176 181 51.6
60 64 304 152 173 99.1
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Figure 6. Photographs showing plaster of Paris fill e d cracks 
root holes, worm holes, etc., at different depths 
at no-till site # 2 
a. Soil surf ace before cleaning crop residue 
b. After cleaning 
c . At depth = 5 cm 
d. At depth = 10 cm 
e. At depth = 25 cm 
f. At depth = 35 cm 
g . At depth = 45 cm 
h. At depth = 55 cm 
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Figure 7. Photographs showing plaster of Paris filled cracks 
root holes, worm holes, etc., at different depths 
at conventional tillage site # 3 
a. Soil block impregnated with plaster of Paris 
b. At depth = 5 cm 
c. At depth = 10 cm 
d. At depth = 15 cm 
e. At depth = 25 cm 
f . At depth = 35 cm 
g. At depth = 45 cm 
h. At depth = 55 cm 
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SECTION II. INVESTIGATING THE EFFECTS OF MACROPORES
ON TRACER BREAKTHROUGH CURVES
59
INTRODUCTION
The role of macropores in the process of infiltration of
rainfall and solutes into the soil is of much importance and
needs to be investigated experimentally. A number of
researchers have observed irregular flow patterns in field
soils which could not be described by the mathematical models
based on Darcy*s Law or Richards Equation (Rogowski and
Weinrich, 1981; DeVries and Chow, 1978; Bouma et al., 1980).
Germann (1981) was able to differentiate a fast-moving water
component from a slow-moving water component with the help of
isotope measurements. The velocity ratio of the modes of
flow was between 100:1 and 400:1. Ligon et al. (1977) and
Blake et al. (1973) also found the evidence of heterogeneous
flow through the soil. These studies concluded that some
portion of infiltrated water was channeled through
macropores, since the experimental results differed markedly
from Darcian theory.
Laboratory-measured breakthrough curves of undisturbed
soil columns clearly show the effect of macropores (Kissel et
al., 1973; McMahon and Thomas, 1979; Anderson and Bouma,
1977a,b; Kanchanasut et al., 1978). Bouma and Wosten (1979)
showed that only a few large pores that occupy a small
portion of the total volume can determine the shape of
breakthrough curves and saturated hydraulic conductivity
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(Ksat). Anderson and Bouma C1977a, b) found hydrologic
dispersion to be highly pronounced in their breakthrough
curve studies of undisturbed soil columns, indicating water
movement through relatively large pores. Walker and Trudgill
(1983) studied the relationship between two-dimensional
images of soil thin sections and tracer breakthrough curves
for a silty clay loam under saturated conditions. Nielsen
and Biggar (1961) pointed out that physical differences among
porous materials were manifested by changes in shape and
position of breakthrough curves. Biggar and Nielsen (1962)
concluded that as the aggregate size (thus pore size)
increases, the mixing in the column becomes less complete and
the effluent concentration is dominated by flow through the
larger pores.
The research reported in this paper focuses mainly on
the effect of macropores on tracer breakthrough curves
because the breakthrough curves provide not only the means of
determining microscopic flow velocities in soil but may also
give a physical explanation of phenomena occurring during the
leaching of chemicals through soil, ion—exchange, movement of
fertilizers, and other similar processes.
The underlying assumptions in a miscible displacement
experiment are that a non-reactive solute moves through a
homogeneous medium at the same velocity as the water and all
the resident water in the column is displaced by the incoming
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solution. However, in unsaturated and naturally structured
soils, especially those with macropores, only partial
displacement of resident water and solutes occurs by incoming
water and solutes. Such behavior is termed channeling, short
circuiting, bypassing, preferential flow, etc., (Scotter, -
1978; Bouma,198X; Beven and Germann, 1982; Smettem et al.,
1983). Attention has been focused on this phenomenon because
of the possible consequences for rapid leaching of
fertilizers, soluble and particulate waste materials, and
other potential pollutants into the surface water and
groundwater (Thomas and phillips, 1979; Bouma et al,, 1983).
This study presents the results of a miscible
displacement experiment conducted using undisturbed soil
columns from no-till and conventional tillage plots and by
using the Cl anion as a tracer. The breakthrough curves were
analyzed for the possible effects of macroporosity and
compared to investigate the tillage-induced effects on
macroporosity.
In another experiment, two undisturbed columns were used
(one column from each tillage plot) to compare the transport
of NO3-N and Cl through soil. Awater soluble dye (Rhodamine
WT) was also used to study the flow behavior of a reactive or
potentially sorbed solute through undisturbed soil materials.
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THEORY
When pre-existing fluid in soil pores is displaced by
another fluid (different in composition and concentration),
the phenomenon is termed miscible displacement, given that
the two fluids are mutually soluble. The experiment is
usually performed using either undisturbed or packed soil
columns. The ratio of solute concentration in the effluent
from a soil column to solute concentration in the input
(C/Co), plotted against drainage, is called a breakthrough
curve. Drainage is usually expressed as volume of effluent
divided by volumetric water content of the soil column, i.e.,
relative pore volume (V/Vo). Breakthrough curves can be
examined for any effects of preferential water flow on tracer
transport (Bouma, 1981).
The analysis of the breakthrough curve under steady
state conditions using a convective-dispersive model requires
the following assumptions.
1. Tracer does not interact with the soil materials
(i.e., no adsorption or exclusion).
2. No chemical, biological transformation, or
radioactive decay of the tracer occurs.
3. Porosity value is same over the entire length of
soil column (i.e., the medium is vertically homogenous).
4. Flow is vertical.
63
5. Velocity of water in the pores is uniform over a
distance that is large compared to the characteristic pore
size.
The average pore water velocity is calculated as
follows:
9 (1)
e
where q is water flux density (LT ^), 0 is volumetric
water content of the column (lV^) , and v is average pore
water velocity (LT"^) .
As a non-reactive tracer moves through the soil at
velocity v, the dispersion (spread) of its concentration
about the average depth of displacement at any time is
attributed to small velocity variations among pores and to
the diffusion of tracer between regions of different
concentration. Terms for adsorption, precipitation, plant
uptake, or biological transformation can be included in the
analysis (White, 1985), Solutions of the following partial
differential equation are often used to model the solute
movement through soil, depending upon various boundary and
initial conditions:
dC dC
dt " 5x2 "dz
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where: C - concentration of solute (ML"^)
t - time (T)
D - dispersion coefficient (L^T
X - distance in vertical direction (L)
V - average pore water velocity (LT"^)
The dispersion coefficient D is a measure of the extent
of mixing between incoming and resident solution. In case of
linearized equilibrium adsorption of tracer through a
homogeneous soil profile (0 and q are constant in time and
space) Equation 2 becomes (van Genuchten and Wierenga, 1986)
dc
fi-R- = D o - !,•— (3)dt dx^ dx ^ '
where R is the retardation coefficient and is calculated
as follows
=l+^ (4)
V
where k is an empirical distribution coefficient, p is
soil bulk density and 8 is the volumetric water content. If
there are no interactions between the chemical and soil, k
becomes zero and R reduces to 1.0. However, van Genuchten
and Wierenga (198 6) pointed out that in some cases R may be
less than 1.0, indicating that only a fraction of the liquid
phase participates in the transport process. This may be the
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case when chemical is subjected to anion exclusion or when
relatively immobile liquid regions are present (for example
in the case of structured soils when preferential flow
occurs).
van Genuchten and Wierenga (1986) have tabulated a
number of analytical solutions of Equation 3 depending upon
various initial and boundary conditions. The following
analytical solution of Equation 3 was fitted to the observed
breakthrough data by adjusting D and R values and by using a
least square procedure.
= - erfc
Rx — vt iexp(g) erfc Rx 1- vt
2[DRt]^'"-
for the following boundary and initial conditions
and
C{X,0} = Ci
Cioj) = Co
Bx
oc,i) — 0
c(x.O =
C{x,t)-Ci
{^0 - C,)
(5)
(6)
(7)
(8)
(9)
where is the concentration of the applied solution
and Cj is the concentration of pre-existing soil solution and
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c(x,t) is termed the relative concentration. Both C,. and
are assumed to be constant. For simplicity, we will be using
the expression C/C^ for relative concentration. The boundary
condition given by Equation 8 is for an infinite column. The
initial boundary condition for a finite column should be
= 0 (10)
But according to van Genuchten and Alvis (1982), no clear
evidence exists that Equation 10 leads to a better
description of the physical transport processes at and around
X = L than if we used a boundary condition for a semi-infinte
column as given by Equation 8. Also Equation 8 does not
represent a true boundary condition for the column bottom
where the effluent concentration is changing with time during
the time under consideration. A more meaningful boundary
condition at the lower boundary of the column will definitely
improve the modeling performance of solute transport.
Therefore, more research is needed to address some of these
problems.
As is clear from the above discussion, the analytical
solutions of such boundary value problems are based on many
simplified assumptions. In field situations, we generally do
not encounter complete homogeneity or uniform porosity, that
is why models based on the assumptions mentioned above
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sometimes deviate substantially from the observed
breakthrough data.
A number of investigators have tried to take spatial
variability into account. For example, van Genuchten and
Wierenga (1976) divided the pore water into two components,
one actively contributing to the solute transport and another
being stagnant in the soil matrix. White et al. (1984)
proposed a transfer function model based on a log normal
distribution of pore—water velocities for undisturbed soil
columns. Elprince and Day (1977) suggested a least-squares
procedure applied simultaneously to the two parameters (v,D)
during the curve-fitting process instead of using only one
parameter (D).
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MATERIALS AND METHODS
Eight large undisturbed soil columns (15 cm in diameter
and 60 cm long) were collected from the field (four from no-
till plots and four from conventional tillage plots) in
November 1988 and used for miscible displacement experiments.
The soil at this site is classified as Nicollet (a fine-
loamy, mixed, mesic Aquic Hapludoll) in the Clarion-Nicollet-
Webster soil association. The field has been under
continuous corn for the past five years (Kanwar et al.,
1988).
In order to obtain an undisturbed soil column from the
field, an area of 150 x 150 cm was dug, leaving an
undisturbed soil column of 50 x 50 cm in the center. The
digging was continued to a depth of about 65 cm. A furnace
pipe (15 cm diameter and 60 cm height) was placed on the
surface of the 50 x 50 cm column, and soil around the pipe
was gently shaved off to form a pedestal of about 15 cm
height and 15 cm in diameter. The pipe was then slid
downward gently to encase the column and avoid compaction.
The column was shaved to another 15 cm depth and the pipe was
slid down to encase another 15 cm of length of undisturbed
soil column. The process was continued until the soil column
of 60 cm length was obtained. The soil column was sheared at
the bottom with a sharp metal blade, and styrofoam blocks
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were taped tightly to both ends of the furnace pipe before
the column was wrapped in a polythene bag. The soil column
was then placed gently into a big garbage can with burlap
bags around it to serve as packing material and hauled to the
lab in a car. All the columns were stored in a cooler at 4°C
to keep biological activity to a minimum level.
Soil samples were also collected as a function of depth
while collecting each soil column in the field to estimate
the average moisture content which was later used to
calculate the bulk density for each soil column.
From March 1989 to August 1989 these columns were used
to conduct miscible displacement experiments. The furnace
pipe was opened from the sides to remove the undisturbed soil
column. Furnace pipe turns into a circular cylinder when
sides are snapped together and can be opened with a screw
driver when needed. To prevent any flow along the walls, the
sidewalls of the columns were sealed by using plaster of
Paris in two soil columns and molten paraffin wax in the rest
of the columns. Wax proved to be the better sealing material
as it was easy to cut through while taking sub-samples from
the columns for resin-impregnation studies. The sealing
procedure is described in the following paragraph.
After removing the soil column from the furnace pipe, a
liquid rubber (Plasti-Dip") was sprayed on the side walls of
the soil column to prevent infiltration of plaster of Paris
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or molten wax into the soil pores. A polyvinyl chloride
(PVC) plastic pipe (20 cm diameter) was then put around this
soil column in such a way that the column was in the center
of the PVC pipe. The space between the soil column and the
PVC pipe was filled with plaster of Paris slurry (1 part
plaster of Paris, 1 part water, by volume) or molten wax.
After sealing the gaps between the soil column and PVC pipe
with plaster of Paris or wax, a regular wire screen was
placed at the bottom of the column supported by a perforated
plexiglas plate, leaving a very small gap (about 1.5 mm)
between the two (Figure 1).
The value of one pore volume for each column was
calculated by multiplying the total porosity by the total
volume of soil column. The soil porosity values for all the
columns were estimated by using the bulk density and particle
density values and are listed in Tables 1, 2, and 3. The
particle density of the soil under study, measured by
pycnometer method, was equal to 2.61 g/cc.
The soil column was then placed in a 75,700 cm^ (45 cm
diameter and 65 cm height) metal container and was saturated
from the bottom with 0.005 M calcium sulphate (CaSO^)
solution for more than 24 hours. The level of CaSO^ was
raised slowly so as to avoid air entrapment in the soil. It
took about 36 to 48 hours to saturate the columns. After
saturation, the colvunn was clamped onto an adjustable stand.
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and 0.005 M CaSO^ solution was leached through the soil until
steady state flow conditions were achieved. A constant depth
of ponding of 0,005 M CaSO^ (about 1.5 cm) was maintained
with a Mariotte bottle arrangement. Saturated hydraulic
conductivity measurements were made before applying 0.005 M
calcium chloride (CaCl2) solution. Once steady-state flow
conditions were reached, CaSO^ flow was stopped, and as soon
as the solution disappeared from the surface, 0,005 M CaClj
solution was applied, maintaining the ponding depth of 1.0-
1.5 cm at the surface with another Mariotte bottle
arrangement. A fraction collector was used to collect
effluent at the bottom of the soil column. The effluent
samples were then analyzed with a Technicon Autoanalyzer for
the determination of Cl concentrations. One column from each
tillage system was used to run a "reverse" breakthrough
curve, i.e., CaSO^ solution was reapplied to flush the CaClg
solution to get the opposite half of the breakthrough curve.
After the miscible displacement experiment, each soil
column was left to drain by gravity, from saturation to a
stage when water stopped dripping. This process took on the
average about 24 hours. This effluent was collected to
determine the drainable pore-water fraction for each column.
Drainable porosity values for each column are given in Tables
1 and 2.
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One undisturbed soil column from each tillage treatment
was used to study the transport of NOj-N, Cl, and Rhodamine
WT dye. For this experiment, the experimental procedure used
was the same as described in previous paragraphs. For this
experiment the solution applied contained 0.005 M calcium
nitrate (Ca(N03)2), 0.005 Mcalcium chloride (CaClj) , and 1
mg/L Rhodamine WT dye. About 10 pore volumes of this
solution were passed through the conventional till column and
about 9.5 pore volumes were passed through the no-till column
after steady flow conditions were achieved. The effluent was
collected in quart bottles. The applied solution was
displaced again by passing about 10 pore volumes of CaSO^
solution through both columns. NOj-N and Cl samples were
analyzed on a Technicon Autoanalyzer and the concentration of
Rhodamine dye was determined using a fluorometer.
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RESULTS AND DISCUSSION
C1 Breakthrough Curves
Figures 2 to 4 show breakthrough curves for soil columns
from the no-till plot and Figures 5 to 7 show breakthrough
curves for soil columns from the conventional tillage area.
These curves were analyzed for the possible effects of
preferential flow. Tables 1 and 2 give various parameters
such as saturated hydraulic conductivity, porosity, initial
breakthrough, and immobile fraction of pore water, etc., for
each column and average values of these parameters for each
tillage system.
Saturated hydraulic conductivity values varied from
column to column, 3,89 x 10"^ m/s being the minimum (for a
column from the conventional tillage plot) and 1,60 x 10^ m/s
being the maximum (for a column from the no-till plot). The
average value of saturated hydraulic conductivity for the no-
till columns was roughly 1.5 times higher than the average
value of the conventional tillage columns. However,
statistical analysis (F-test, 95% confidence interval)
revealed no significant difference between these values.
Drainable pore water values (fraction of total pore-water
drained under gravity) were also higher for no-till columns,
though again the differences were not statistically
significant. Larger Ksat values, together with larger values
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of drainable pore water fraction for the no-till columns in
general, suggested a well-connected pore network and larger
number of pores in larger size ranges in no-till columns in
comparison to that in conventional tillage columns.
All the columns showed an early initial breakthrough of
C1 indicating rapid flow through macropores. The average
volume displaced before initial breakthrough was slightly-
less for no-till columns than for conventional tillage
columns (Tables 1 and 2). Again, the difference was not
statistically significant. Kanchanasut et al. (1978) pointed
out that early breakthrough of tracer in an undisturbed
column was an indication of macropore flow. Biggar and
Nielsen (1962) also concluded from their experiments that as
the aggregate size (and thus pore size) increases, mixing in
the column becomes less complete and the effluent
concentration is dominated by flow through the larger pores.
In effect, this means that tracer will appear in the effluent
much earlier than 1.0 pore volume, i.e., the volume that
would have been displaced in ideal miscible displacement. In
addition a greater throughput volume will be required for
C/C^ to reach 1.0 in the case of macropore flow.
The tailing off of the breakthrough curve was much more
pronounced for the no-till columns. C1 concentration in
effluent from the conventional tillage columns reached a
relative concentration (C/C^) of 1.0 in about 1 to 2 pore
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volumes (Figures 5, 6, and 7), but for the no-till columns, a
relative concentration of 1.0 was not reached even in 2.5
pore volumes (Figures 2, 3, and 4). This phenomenon
indicates that the preferential flow was much more pronounced
in no-till columns.
Additional evidence of a greater degree of macropore
flow in no-till columns was obtained by calculating the
immobile pore water fraction for each soil column, van
Genuchten and Wierenga (1976) and Gaudet et al. (1977)
subdivided the soil water into "mobile" and "immobile" or
"stagnant" regions. The mobile pore-water fraction
contributes significantly to the solute transport, while
immobile pore-water does not. The more rapid flow is through
macropores, the less effective total porosity will be in
contributing to solute transport. In other words immobile
pore-water fraction would increase with increasing macropore
flow.
As suggested by Kissel et al. (1973) and Bouma and
Anderson (1977), the mobile pore-water fraction was estimated
as the number of pore volumes required to reach a relative C1
concentration of 0.5. Therefore one pore volume minus the
mobile pore-water fraction represents the fraction of total
pore water that does not contribute significantly to the
solute transport, i.e., immobile pore-water fraction
(McBride, 1985).
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More preferential flow was evidenced in no-till columns
because the average value of the estimated immobile pore-
water fraction calculated for no-till columns was 56,0% as
compared with the corresponding figure of 48,7% for
conventional till columns. These differences were
statistically significant. Anion exclusion may have
accounted for some of the immobile pore-volume, but the
majority of the immobile pore-volume was caused by
preferential flow through macropores.
The reverse arm of the complete breakthrough curve in
one column from each tillage system (Figures 4 and 7)
exhibited more or less the same pattern as that of the
forward arm. Skewed shapes of the complete breakthrough
curves provided further evidence of preferential flow through
macropores in undisturbed soil columns. This skewness was
due to tailing off of the curve and was observed by van
Genuchten and Wierenga (1976) and Gaudet et al. (1977).
These authors also attributed this property of the
breakthrough curve to macropore flow or preferential flow.
The analytical solution of the convection-dispersion
eguation (Equation 5) was fitted to each breakthrough curve
by setting x = 60 cm (the length of the soil column) and by
adjusting D and R. The first approximation of the
retardation coefficient, R, was estimated from the observed
breakthrough curve as the number of pore volumes at relative
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concentration of 0.5 (thus R essentially represented the
mobile pore-water fraction). Later the value of estimated R
was further adjusted to get a best fit for the observed
breakthrough curve data. In roost of the cases adjusted and
estimated values of R were same. The value of average pore-
water velocity was calculated by using Equation 1. The solid
lines in Figures 2 to 7 show the fitted relative
concentration {C/C^) values, and the parameters such as D, R,
and V are shown in Tables 1 and 2.
Although the average D value for no-till columns was
about 2.5 times higher (Tables 1 and 2) than the value for
the conventional tillage columns, this difference was not
statistically significant, due to high variability among
replications within a treatment. Relatively higher values of
D in the no-till columns again indicate a greater degree of
hydrodynamic dispersion, which is a consequence of a wide
ranging pore-water velocities, indicating preferential flow
through macropores.
The retardation coefficient, R, was significantly higher
for conventional tillage columns, indicating greater
effective porosity or mobile pore-water fractions as compared
with no-till columns.
A greater degree of deviation was observed between
measured and fitted breakthrough data points for no-till
columns (Figures 2 to 4) compared with conventional tillage
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columns. This could be explained by the fact that a wide
distribution of pore-water velocities (as is the case when
preferential flow occurs) is not well represented by an
average pore-water velocity in the convection-dispersion
equation, thus causing a greater degree of variation between
measured and fitted data points. Therefore, more deviation
between fitted and observed breakthrough curves in no-till
columns simply indicates a wider range of pore-water
velocities or a greater degree of preferential flow.
Transport of NO3-N and Rhodamine WT
Breakthrough curves determined experimentally using Cl,
NO3-N, and Rhodamine WT dye for conventional and no-till
columns (one from each tillage plots) are shown in Figures 8
to 11. Equation 5 was fitted to the observed breakthrough
data points in the same way as used for C1 breakthrough
curves. Various parameters for the breakthrough curves are
shown in Table 3 along with various physical parameters for
the two undisturbed soil columns.
Figures 8 and 9 show that leaching behavior of NO3-N was
similar to that of C1 in both no-till and conventional
tillage columns, Corey et al. (1967) observed that Cl moved
faster than NO3-N in packed soil columns (30 cm long) of
Webster, Ida, and Edina surface soils, but the breakthrough
curves of Cl and NO3-N obtained from columns of Webster, Ida,
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Edina, and Clarion subsoils were not different. They also
pointed out that differences in quantities of C1 and NO^-N
moving through soil may not be ascribed completely to
microbial activity. Hydrodynamic dispersion may be an
important factor. In the longer, undisturbed columns (60 cm
long) used in this study, a greater degree of preferential
flow must have been more important than the microbial
transformation of NO3-N, causing it to leach in a manner
similar to Cl. These results support the use of Cl as a
tracer of NO3-N for the soil under study to assess the
transport of NO3-N in the upper 60 cm of soil profile.
Rhodamine WT was used to study the leaching behavior of
interactive solutes such as insecticides, herbicides, and
many other organic pollutants which are adsorbed by soil
particles. Rhodamine WT has proved to be a strongly adsorbed
dye by the soil. After about 10 pore volumes for the
conventional tillage column (9.5, in no-till column), the
relative concentration reached only 0.4 in the former and
0.36 in latter (Figures 10 and 11). Everts et al. (1988)
found in another experiment that after passing 45 pore
volumes of a solution containing Rhodamine WT through a
packed soil column, the relative concentration was only 0.46.
Relatively high concentrations of Rhodamine WT in the
effluent observed in this study after only 10 pore volumes in
the case of undisturbed columns could be an effect of
80
preferential flow in addition to the higher initial
concentrations of Rhodamine WT in the inflow solution.
The analytical solution fitted to breakthrough curve
data of Rhodamine WT does not give a good fit for either
column when compared to non-reactive ions such as C1 and NO3-
N, probably because the retardation coefficient in Equation 3
can represent only linearized equilibrium adsorption which
may not be the case with Rhodamine WT. The retardation
coefficient for Rhodamine WT was estimated to be 57.4 for the
conventional till column and 53.0 for the no-till column.
Analysis of breakthrough curves for Rhodamine WT (Figures 10
and 11) reveals that the reverse arm did not quite follow the
same pattern as that of the forward arm, thus indicating
complex phenomena may be occurring during the desorption
process. Trudgill (1987) reported that there was a change in
hydraulic properties due to effects of Rhodamine WT on soil
structure. Everts et al. (1988) noted a considerable
decrease in saturated hydraulic conductivity during their
leaching experiment. In this study also, about 7.5 %
reduction was observed in saturated hydraulic conductivity
during the period of the experiment (about 12 hours) for the
conventional tillage column. These effects have to be
investigated further to properly understand the transport of
interactive chemicals through soil in order to develop
appropriate mathematical models for predicting their fate.
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Conclusions
This study resulted in the following conclusions:
1. The shape of the breakthrough curve and other
parameters examined clearly suggested the occurrence of
preferential flow through macropores in large undisturbed
soil columns from no-till and conventional tillage areas.
2. A greater degree of preferential flow was observed
for no-till soil columns (with immobile pore-water fraction
of 56.0%) than for conventional tillage columns (with
immobile pore-water fraction of 48.7%).
3. Breakthrough curves for NOj-N were closely similar
to those of C1 for the soil under study, suggesting that C1
could successfully be used as a tracer for NOj-N for Nicollet
soils in the upper 60 cm soil profile.
4. The observed breakthrough curves for Rhodamine WT
significantly deviated from the fitted analytical solution.
This indicated complicated adsorption and desorption
processes during leaching. The retardation coefficients
estimated for Rhodamine WT by fitting the analytical solution
were 57.4 and 53.0 for conventional tillage and no-till
columns, respectively, indicating strong adsorption of the
dye by soil particles.
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Table 1. Selected physical properties and breakthrough
curve parameters for no-till columns
Column 1 Column 2 Column 3 Avg.
Bulk density
(g/cc)
1.27 1.26 1.33 1.29
Porosity (%) 51.60 51.27 49.12 50.81
Ksat (cm/s) 0.0062 0.0042 0.016 0.0088
Average pore
water velocity
(cm/s)
0.012 0.0082 0.033 0,0177
1 Pore vol.
(cm^)
5742 5752 5462 5652
Initial
breakthrough® 0.11 0.12 0.09 0.11 .
Immobile pore
water*" (%) ^ 55 55 58 56
Drainable pore
water fraction
(%)
19.96 16.00 14.58 16.84
Dispersion
coefficient, D
(cm^/s)
0.36 0.25 0,60(0.68)® 0.40
Retardation
coefficient, R 0.45 0.45 0.42(0.44)*^ 0.44
®In terms of pore volume.
^Percent of total pore water.
^Values in the parentheses represent the corresponding
parameters for the "reverse" arm of the breakthrough curve.
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Table 2. Selected physical properties and breakthrough
curve parameters for conventional-till columns
Column 1 Column 2 Column 3 Avg
Bulk density 1.25
(gm/cc)
Porosity (%) 52.22
Ksat (cm/s) 0.0039
Average pore
water velocity 0.0075
(cm/s)
1 Pore vol. 5807
(cm')
Initial
breakthrough® 0.15
Immobile pore
water'^ (%) 49
Drainable pore
water fraction 8.39
(%)
Dispersion
coefficient, D 0.09
(cm^/s)
Retardation
coefficient, R 0.51
1.31
49.88
0.0046
0.0092
5547
0.11
50
17.44
1.30
49.86
0.0085
0.017
5545
0.12
47
15.60
1.29
50.65
0.0057
0.0337 ^ 0/c
5633
0.13
49
13.81
0.12 0.28(0.28)'^ 0,16
0.50 0.53(0.48)^ 0.51
®In terms of pore volume.
Percent of total pore water.
"^Values in the parentheses represent the corresponding
parameters for the "reverse" arm of the breakthrough curve.
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Table 3. Physical properties and breakthrough curve
parameters for the columns used for nitrate and
rhodamine WT leaching studies
No-till column Conventional till column
Bulk Density
(ym/cc)
o
•
H
o
•
H
Porosity (%) 46.57 46.56
Ksat (cm/s) 0.0137 0.0096
Average pore
water velocity
(cm/s)
0.0294 0.0205
1 Pore volume
(cm^) 5179 5177
Dispersion
coefficient, D
(cm^/s)
Chloride 0.36(0.40)® 0.30(0.30)
Nitrate 0.36(0.40) 0.30(0.30)
Rhodamine 5.8(5.2) 5.0(5.0)
Retardation
coefficient, R
Chloride 0.52(0,50) 0.50(0.50)
Nitrate 0.52(0.50) 0.50(0.50)
Rhodamine 53.0(53.0) 57.35(57.35)
®Values in parentheses represent the corresponding
parameters for the reverse arm of the breakthrough curve
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OVERALL SUMMARY
A number of attempts have been made to quantify and
characterize macropores under field situations and to
investigate the effects of macropores on solute transport
phenomenon. But there is a lack of adequate information on
tillage-induced effects on macroporosity and solute transport
processes. There has been a general concept that tillage
destroys macropores and therefore, less macroporosity is
expected in tilled soils. In our research, however, it was
found that macropores in the conventional tillage soil mainly
consisted of larger and deeper cracks which contributed to a
larger macropore area. On the other hand in no-till soil,
there were narrow cracks, but a large number of worm holes or
root holes were present which contributed to a larger
macropore perimeter. Large cracks in conventional tillage
plots could be an effect of shrinkage of soil at natural
planes of weakness, due to excessively dry conditions for the
last two years. Both the methods of macropore quantification
(image analysis and AUTOCAD) suggested that area of
macropores decreases and number of macropores increases with
increasing depth under both the tillage systems. Length of
macropores first increased to a depth of 3 0 cm and then
started decreasing, under both the tillage systems.
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The study also addressed the limitations of the plaster
of Paris method, that the plaster of Paris slurry can not
impregnate small pores and the pores that are not connected
to the surface. However, these limitations could be overcome
in computerized image analysis of the pictures by setting
different grey level ranges at the same time for plaster
filled white appearing cracks and unfilled, dark appearing
holes.
The AUTOCAD method of quantifying macropores proved to
be simple and a better technique because no external factors
were involved (therefore, accuracy was greater) in comparison
to the image analyzing technique where quality of photograph
and quality of an acquired image both affect the accuracy of
the measurements. The values of area, perimeter, and total
number predicted by image analysis had higher variability
within replications in comparison to the values predicted by
the AUTOCAD method.
With ongoing advancements in technology, image analysis
technique has potential to be improved. A portable image
analyzing system, with a video camera attached to the system,
could be able to analyze live image of a soil plane therefore
giving more accurate results. Even a still image of soil
plane on a video tape could directly be digitized by the
image analyzer thus reducing the laborious step of taking
photographs.
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Miscible displacement experiments conducted on large
undisturbed columns using Cl anion as a tracer indicated that
preferential flow occurred in all the undisturbed columns but
a greater degree of preferential flow was observed for the
no-till columns. On the other hand, field methods of
macropore quantification predicted larger values of macropore
area in conventional tillage system, where cracks were wider
and deeper in comparison to no-till system. This can be
explained by the fact that large continuous cracks are not
well represented in 15 cm diameter soil columns. The only
significant factor responsible for preferential flow in
undisturbed columns may be the number of worm holes or root
holes forming a well connected network of macropores. These
holes were in abundance in no-till sites, therefore causing a
greater degree of preferential flow in undisturbed columns.
Further research is needed to investigate the flow through
macropores in field conditions, as 15 cm diameter soil
columns do not sample large cracks which are sometimes
several hundred centimeters long. These cracks could make
tremendous- difference between the degree of preferential flow
observed in the field and under laboratory conditions.
Breakthrough curve experiments conducted using Cl, NOj-
N, and Rhodamine WT dye together, showed that flow behavior
of Cl and NOj-N was strikingly similar due to dominance of
hydrodynamic dispersion over microbial transformation of NO3-
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N. These results indicated that Cl can be used as a tracer
of nitrogen fertilizers in predicting the movement of NO3-N
through soil under study. A good agreement was observed
between all the observed Cl and NO3-N breakthrough curve data
and fitted analytical solution.
Breakthrough curves of Rhodamine WT showed a strong
adsorption of this dye by the soil particles. A substantial
deviation of observed breakthrough curve data from the fitted
analytical solution indicated complicated adsorption and
desorption processes during the transport of Rhodamine WT
through soil. More experiments would be required to evaluate
the use of Rhodamine WT in predicting the movement of
pesticides and other organic chemicals, through soil.
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